INTRODUCTION {#sec1-1}
============

In recent times there has been a significant increase in the number of people with diabetes worldwide, and nearly 366 million people are estimated to be diabetic (IDF Atlas, 2011). By 2030, the number is expected to double, and this global increase will have a tremendous impact on the prevalence of diabetic complications.[@ref1] Diabetic retinopathy (DR) is an important microvascular complication and is the leading cause of blindness in the working-age population (20-64 years old) of developed countries, and each year around new cases of blindness, of 12%, are recorded.[@ref2][@ref3] It is estimated that around 40% of the people with diabetes, aged over 40 years have some degree of retinopathy that includes approximately 8.2% with vision-threatening retinopathy.[@ref4][@ref5] Landmark clinical trials such as The Diabetes Control and Complications Trial (DCCT) Research Group, 1993, and the United Kingdom Prospective Diabetes Study (UKPDS) Group, 1998, have established that hyperglycemia is the decisive risk factor for the development of diabetic retinopathy.[@ref6][@ref7] Furthermore, the presence of diabetic retinopathy is an important risk factor for the development of diabetic micro- and macrovascular complications.[@ref8][@ref9] Recent clinical and laboratory investigations have identified inflammation as an important molecular mechanism in the development and progression of diabetic retinopathy, and this review will discuss the role of inflammation and novel therapeutic targets in diabetic retinopathy.

MOLECULAR MECHANISMS OF DIABETIC RETINOPATHY {#sec1-2}
============================================

Activation of multiple cellular pathways, primarily mediated by hyperglycemia, is considered to play an important role in the pathogenesis of diabetic retinopathy. The metabolic effects of hyperglycemia result in microvascular damage of the retina that leads to vascular leakage (non-proliferative diabetic retinopathy (NPDR)) and ischemia-induced retinal neovascularization (proliferative diabetic retinopathy (PDR)). The mechanism by which the diabetic risk factor initiates the vascular disruption in retinopathy remains unclear, and several pathways have been implicated. The hyperglycemia-induced pathogenesis of diabetic retinopathy is related to four main biochemical alterations such as: (i) increased polyol pathway flux; (ii) increased advanced glycation end-product (AGE) formation; (iii) activation of protein kinase C (PKC) isoforms; and (iv) increased hexosamine pathway flux.[@ref10] These pathways terminate in increased oxidative stress, inflammation, and vascular dysfunction that result in eventual increased permeability, vascular occlusion, and local ischemia. Further, these events lead to the upregulation of proangiogenic and inflammatory factors such as the vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF), angiopoietins (Ang-2), stromal derived factor-1 (SDF-1), basic fibroblast growth factor-2 (bFGF), hepatocyte growth factor (HGF), tumor necrosis factor (TNF), and interleukin-6. VEGF is the factor that has been extensively studied in the pathogenesis of DR, and new pharmacotherapies predominantly target the VEGF molecule.[@ref11] Furthermore, the use of anti-VEGF therapy in diabetic macular edema is not as robust as in retinal angiogenesis (PDR). The anti-VEGF therapies appear to be of transient benefit as the edema recurs within a few weeks, and repeated injections are necessary.[@ref12] This creates a stronger case to analyze the additional molecular pathways to be a potential target in DR, and emerging studies indicate 'retinal inflammation' as an important player in the pathogenesis of DR.

INFLAMMATION IN DIABETIC RETINOPATHY {#sec1-3}
====================================

The role of inflammation in the development and progression of diabetic retinopathy has been studied for a long time, but in the last 10 years there has been enormous interest in the molecular mechanisms to develop novel therapeutic approaches. In the literature, as early as in 1960, Powell and Field observed that diabetics treated with anti-inflammatory agents like 'salicylate' had a lower incidence rate of diabetic retinopathy.[@ref13] This study suggests that inflammation may play an important role in the pathogenesis of diabetic retinopathy. Earlier studies by Lutty and his group identified the important role of leukocytes in the development of diabetic retinopathy[@ref14][@ref15] and a subsequent study has established diabetic retinopathy as an 'inflammatory disease'.[@ref16]

It is important to note that inflammation starts very early and within one week of experimental diabetes, leukocytes accumulate in the vasculature of the retina.[@ref16] The important components of the inflammatory phenotype that are widely observed in diabetic retinopathy \[[Table 1](#T1){ref-type="table"}\] progress toward increased retinal vascular permeability (diabetic macular edema) and neovascularization (proliferative diabetic retinopathy).

###### 

Components of Diabetic Retinal Inflammation (Adapted from Antonetti *et al*. and Adamis *et al*.)[@ref17][@ref18]
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INFLAMMATORY BIOMARKERS IN DIABETIC RETINOPATHY {#sec1-4}
===============================================

The important evidence for inflammation as a component of retinal dysfunction in diabetes is established through clinical studies. The traditional risk factors for diabetic retinopathy include duration of diabetes, hyperglycemia, hypertension, and dyslipidemia, which explains only some degree of variance in the risk of diabetic retinopathy.[@ref39] Studies have shown the association of multiple systemic inflammatory factors in the progression of diabetic retinopathy, and a further analysis of diabetic vitreous samples has provided insights into novel proinflammatory markers in the process.[@ref40][@ref41] These novel inflammatory risk factors identified in the human population not only serve as potential biomarkers, but they also give insights into the development of potential molecular targets for treating diabetic retinopathy.

Systemic factors {#sec2-1}
----------------

Systemic inflammatory factors are considered to help in the prediction and progression of diabetic retinopathy. The systemic biomarkers that have been extensively studied and are well known are: C-reactive protein (CRP) and vascular cell adhesion molecules (selectins, soluble ICAM-1, and soluble VCAM-1) in microvascular diabetic complications.[@ref42]--[@ref45] Clinical studies have identified that the elevated serum concentrations of IL-1beta, TNF-alpha, and VEGF, correlate with the presence and severity of diabetic retinopathy.[@ref46] VEGF is an important proinflammatory factor that is considered to be the key molecule in the pathogenesis of diabetic retinopathy, and its serum levels are seen to be associated with the development of diabetic retinopathy.[@ref47] Studies have shown that the levels of MCP-1, IL-1beta, and IL-6, IL-8, TNF-alpha (*P* = 0.002) and VEGF (*P* \< 0.0001) are elevated in PDR, and interestingly in one study the serum levels of TNF-alpha (*P* = 0.05) and VEGF (*P* = 0.047) are correlated with the levels of HbA1c.[@ref48][@ref49] Additionally, studies have also shown that the serum chemokines, Regulated upon Activation, Normal T cell Expressed, and Secreted (RANTES) and SDF-1alpha are significantly elevated in patients with non-proliferative diabetic retinopathy compared to those who have less severe retinopathy.[@ref50] In addition, studies have suggested a role for serum sIL-2R, IL-8, and TNF-alpha in the pathophysiology and progression of diabetic retinopathy.[@ref51] Also the elevated neutrophil count is associated with the presence and severity of retinopathy.[@ref52] All these potentially proinflammatory molecules may act together in the development of diabetic retinopathy.

Local factors {#sec2-2}
-------------

Elevated levels of the aqueous and vitreous chemokines and cell adhesion molecules are seen to be elevated in subjects with diabetic retinopathy. Immunostaining in human diabetic eyes has shown that TNF-α, MCP-1, and RANTES are positive in the diabetic eyes, and further ICAM-1 staining is strongly positive throughout the diabetic retina.[@ref50] In a comprehensive study using a cytokine array, Suzuki *et al*. have shown that the levels of IL-6, IL-8 (CXCL8), IL-10 (CXCL10), IL-13, IP-10, MCP-1(CCL2), MIP-1β (CCL4), PDGF, and VEGF in the vitreous fluid are significantly higher in any sign of a diabetic retinopathy group.[@ref53] Studies have shown that the elevated vitreous IL-8 levels in diabetic subjects are associated with deteriorating visual acuity in diabetic retinopathy.[@ref54] Elevation of the aqueous concentration of MCP-1 / CCL2, IP-10, and IL-8 levels in eyes with severe NPDR suggests that inflammatory changes precede the development of neovascularization in PDR.[@ref55] The positive correlation between the aqueous levels of IL-6 and macular thickness indicates that IL-6 may play a central role in the development of diabetic macular edema.[@ref56] Vitreous fluid levels of VEGF, ICAM-1, IL-6, and MCP-1 have been shown to be related to the retinal vascular permeability and severity of DME \[24). Additionally, in PDR, it has been shown that the levels of IL-6, IL-8, MCP-1, and VEGF, in the vitreous, were significantly higher.[@ref57] Lipopolysaccharide-binding protein and sCD14 are also shown to be elevated in the vitreous fluid of patients with PDR, and are thus considered to play an important role in the innate immune response triggered by the inflammatory injury characteristic of PDR.[@ref58]

The important observation one can infer from the above set of studies are: (1) There are common sets of inflammatory cytokines that are upregulated in both serum and vitreous / aqueous samples in subjects with retinopathy, (2) the same kind of cytokines are involved in the pathogenesis of both PDR and NPDR \[[Table 2](#T2){ref-type="table"}\] and these cytokines can have multiple interactions to impact the pathogenesis of diabetic retinopathy.[@ref54][@ref55][@ref59] Despite the important function of VEGF as an angiogenic and inflammatory factor, studies have observed that a selective blocking of VEGF using bevacizumab injections (anti-VEGF) has no influence on the control of other immunogenic cytokines, such as, MCP-1 and IL-6, in the aqueous humor of DME.[@ref60] In addition to the presence of inflammatory factors in the serum and vitreous samples in diabetic retinopathy, studies have reported that the tears in diabetics exhibited elevated levels of IP-10 and MCP-1.[@ref61] The importance of inflammatory chemokines in the progression of diabetic retinopathy is further supported from genetic evidences. Studies have shown the association between diabetic retinopathy and monocyte chemoattractant protein (MCP)-1 / CCl2 gene polymorphism, and this study suggests that the A-2518G polymorphism is a susceptible allele for diabetic retinopathy.[@ref62] In addition, the EE genotype of the K469E polymorphism of the ICAM-1 has been shown to be a risk factor for PDR in type 2 diabetes.[@ref63] The (CCTTT)~15~ allele in the promoter of the inducible nitric oxide synthase (*iNOS*) gene, and the (GT)~13~ promoter polymorphism in the tumor necrosis factor β (*TNFb*) gene are also shown to be increased risk factors for diabetic retinopathy[@ref64]

###### 

Inflammatory Biomarkers in Diabetic Retinopathy
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ROLE OF INFLAMMATION IN THE ALTERATION OF BLOOD RETINAL BARRIER {#sec1-5}
===============================================================

Schroder *et al*., first described leukostasis in the retinal vasculature as an important phenomenon for the increased neutrophils and monocytes that have been shown to be associated with retinal vascular abnormalities in diabetic rat models.[@ref65] Increased density of neutrophil levels have been shown in the diabetic retinal vasculature, particularly around the optic disc and macula.[@ref66] Miyamoto *et al*., have shown that retinal vascular permeability and nonperfusion are associated with retinal leukostasis in the rat model of streptozotocin-induced diabetes.[@ref19] One of the earlier events in diabetic retinal inflammation is the adhesion of leukocytes to the microvasculature. Increased leukocyte adhesion results in loss of endothelial cells and breakdown of the blood-retinal barrier.[@ref25][@ref67] The leukocyte adhesion in the diabetic retina is facilitated by the increased expression of adhesion molecules such as, ICAM-1 and P-selectin, on the endothelium and its leukocyte counter-receptor CD18.[@ref15][@ref17] The inhibition of leukocyte adhesion prevents the loss of pericytes and the formation of acellular capillaries, leading to suppression of the blood-retinal barrier breakdown in animal models of diabetic retinopathy.[@ref25] From these observations, the key inflammatory events involved in the endothelial barrier alteration appear to be: (1) Increased expression of endothelial adhesion molecules such as ICAM1, VCAM1, PECAM-1, P-Selectin, and so on, (2) Adhesion of leukocytes to the endothelium, (3) release of inflammatory cytokines, vascular permeability factors, and growth cytokines, (4) alteration of adherens and tight junctional proteins (e.g., VE-Cadherin, ZO-1, Claudin etc.), and (5) infiltration of leukocytes (diapedesis) into the retina resulting in the alteration of the blood retinal barrier \[[Figure 1](#F1){ref-type="fig"}\].

![Diabetes through hyperglycemia causes upregulation of adhesion molecules such as ICAM-1 and VCAM-1 in the endothelial lining of the retinal microvasculature. Further activation of leukocytes in diabetes leads to their attachment to endothelial cells. Attachment of the leukocytes augments microvessel damage through the secretion of proinflammatory molecules (VEGF, TNF-α, Ang-2, proteinases, chemokines) and leukostasis, which leads to the alteration of the blood retinal barrier, resulting in diabetic macular edema (DME)](MEAJO-19-52-g003){#F1}

Alteration of the inner blood retinal barrier (BRB) is the hallmark of diabetic retinopathy. The inner BRB is made of endothelial cells in the inner retina and the endothelial cells form a very tight monolayer, formed by the adherens and the tight junction proteins. The principal proteins found in the endothelial tight junctions are occludin, claudin-5, and JAMs, and the adherent junctional protein VE-Cadherin, which creates a tight seal so that water-soluble molecules cannot easily penetrate between the cells. The blood-retinal barrier integrity is also maintained tightly by the presence of pericytes and astrocytes around the endothelium. The normal BRB has been shown to be impermeable to leukocytes, but studies have shown that the activation of leukocytes leads to the transient breakdown of the BRB, resulting in the augmentation of the proinflammatory reaction in the retina. The role of leukocyte migration from the blood into the retinal tissue is considered to be important for the breakdown of the blood retinal barrier. It has been shown that diapedesis occurs in the retina when both the leukocytes and the endothelium are activated.[@ref68] The process of diapedesis is mediated through the alteration of adherent and tight junctional proteins in the endothelial cells, and further studies have shown that the cell junctional molecules dissociate during intercellular leukocyte migration. Inflammatory cytokines such as TNF-α and VEGF in the diabetic retina have previously been shown to alter the vascular permeability by decreasing the levels of tight junction proteins (occludin and ZO-1) and the adherens junction protein (VE-cadherin).[@ref69]--[@ref72] Observations from our laboratory suggest a possible mechanism by which diabetes contributes to BRB breakdown through the proteolytic degradation of VE-cadherin.[@ref73] This brings out the possibility that the endothelial cell-associated MMPs or leukocyte proteases may help in leukocyte migration through the alteration of VE-cadherin molecules.

INFLAMMATORY MEDIATORS AS THERAPEUTIC TARGETS {#sec1-6}
=============================================

Vascular endothelial growth factor {#sec2-3}
----------------------------------

VEGF has been the most important factor that has been investigated extensively in relation to the alteration of the blood retinal barrier. The VEGF levels are significantly elevated in patients with DME when compared with non-diabetic eye conditions.[@ref28][@ref74] VEGF is a potent vasoactive cytokine that causes increased vascular permeability. It affects endothelial tight junction proteins, resulting in extravasation of fluid and retinal edema. VEGF induces the phosphorylation of VE-cadherin, occludin, and ZO-1, and thus causes a disruption of the barrier.[@ref75] VEGF also stimulates increased leukostasis in the microvessels of the retina, and the sticky leukocytes release cytokines or may migrate via the transendothelial route, which causes BRB breakdown.[@ref76][@ref77]

The majority of drugs that are in the clinical trials in DME are drugs that target the molecule, VEGF. Drugs that directly inhibit the VEGF molecule include the anti-VEGF aptamer, pegaptanib (Macugen, OSI Pharmaceuticals), the monoclonal antibody fragment Ranibizumab (Lucentis, Genentech Inc., San Francisco), and the full length antibody bevacizumab (Avastin, Genentech Inc.). Other treatment modalities include soluble VEGF receptor analogs, VEGF-Trap (Regeneron Pharmaceuticals, Tarrytown, NY), small interfering RNAs (siRNAs) bevasiranib (Opko Health Inc., Miami, FL), and rapamycin (Sirolimus, MacuSight Inc., Union City, CA). The DRCR Network study (Protocol I) has shown that after two years, the mean change in the visual acuity letter score from the baseline was 3.7 letters greater in the ranibizumab + prompt laser group, 5.8 letters greater in the ranibizumab + deferred laser group, and 1.5 letters worse in the triamcinolone + prompt laser group.[@ref78] However, response to the anti-VEGF treatments in DME is variable, and is not as robust as in PDR or neovascular glaucoma. This clinical observation indicates that the pathogenesis of DME is multifactorial, and many other factors beyond VEGF may play a role in this process.

Angiopoietin-2 {#sec2-4}
--------------

Angiopoietins represent another family of inflammatory growth factors that bind to the receptor tyrosine kinase Tie2, and are important modulators of angiogenesis. The vitreous levels of angiopoietin-2 are significantly elevated in patients with clinically significant macular edema (CSME),[@ref79] indicating the role of Ang-2 in the alteration of the blood-retinal barrier. In a recent study, we have shown increased expression of Ang-2 mRNA and proteins in the retinas of diabetic animals.[@ref80] Intravitreal injection of Ang-2 in non-diabetic rats shows a three-fold increase in retinal vascular permeability. Ang-2 also induces loss of VE-cadherin mediated through the phosphorylation mechanism.[@ref80] A recent study through cellular experiments shows that Ang-2 promotes adhesion of monocytes by sensitizing endothelial cells toward TNF-alpha and modulates the TNF-alpha-induced expression of endothelial cell adhesion molecules, ICAM-1. This finding identifies Ang-2 as an autocrine regulator of endothelial cell inflammatory responses. Ang-2 thereby acts as a switch of vascular responsiveness, exerting a permissive role for the augmentation of proinflammatory cytokines.[@ref81] Thus, Ang-2 appears to serve as an important therapeutic target in DME. At least in tumor models, Ang-2 inhibitors have been found to very effective in preventing tumor growth through the modulation of monocyte infiltration and angiogenesis.[@ref82] Clinical trials using Ang-2 inhibitors are ongoing in patients with advanced solid tumors and renal cell carcinoma.

Proteinases {#sec2-5}
-----------

There is increasing evidence implicating MMPs (matrix metalloproteinases) as major regulators of innate and acquired immunity.[@ref83] Furthermore, studies in knockout mice have shown that MMPs play an important role in acute as well as chronic inflammation.[@ref84] Studies have also shown that the proteolytic alteration of chemokines by MMPs is important for its activation. Several members of the CCL / monocyte chemoattractant protein (MCP) family of chemokines are cleaved by MMPs rendering them proactive molecules that amplify the inflammation. In addition, MMPs orchestrate the recruitment of leukocytes as an essential component of tumor-associated inflammation.[@ref83] It is now evident that MMPs also play an important role in the pathogenesis of diabetic retinopathy. The vitreous level of proteinases, like MMP9, has been shown to be higher in diabetic subjects with DR than in diabetic subjects without DR.[@ref85] Furthermore, in the animal model of diabetes, both MMP2 and MMP9 are elevated in the retinas.[@ref86] We have shown that retinal vascular permeability in diabetic animals is significantly increased, coincident with a decrease of cell--cell junctional protein, VE-cadherin. This increased vascular permeability could be inhibited with an MMP inhibitor.[@ref73] These observations suggest a possible mechanism by which diabetes contributes to BRB breakdown through the proteolytic degradation of VE-cadherin. This may indicate a role for extracellular proteinases in the alteration of the BRB seen in diabetic retinopathy.[@ref73] High glucose can activate many soluble mediators such as AGE, ROS, and inflammatory cytokines, which can increase MMP expression and activity in a diabetic state. Retinal inflammation attracts increased leukocytes to the retina, which then bind to the vascular endothelium. The binding of leukocytes to the endothelial cells activates cellular proteinases such as elastase, which may clip off VE-cadherin and its associated protein from the cell surface, resulting in endothelial monolayer alteration.[@ref87] Based on the findings in our diabetic animal studies, it appears that proteinases may serve as important therapeutic targets in DME.

Chemokines {#sec2-6}
----------

Chemokines levels in diabetic retinopathy have been shown to be significantly elevated, and in various studies, the most common chemokine that is significantly elevated in serum and vitreous is identified to be CCL2.[@ref88][@ref89] The chemokine ligand 2 (CCL2), also known as monocyte chemotactic protein-1 (MCP-1) is considered to play an important role in vascular inflammation by inducing leukocyte recruitment and activation. Hyperglycemia has been shown to increase the CCL2 / MCP-1 generation from retinal vascular endothelial cells, pigmented epithelial cells, and Muller\'s glial cells.[@ref90] Furthermore, the vitreous *CCL2* level has been reported to be increased in patients with diabetic retinopathy,[@ref91][@ref92] and the *CCL2* gene polymorphism has been indicated as a potential risk factor for diabetic retinopathy.[@ref62] Studies from our laboratory have indicated that a genetic knock out of the *CCL2* gene in diabetic mice prevented blood retinal barrier alteration (ARVO abstract, 2011). Our preliminary animal studies indicate that selective inhibition of the *CCL2* gene can prevent the alteration of the BRB in diabetes, and further studies using selective inhibitors of CCL2 and CCR2 are in progress. There is systemic use of CCR2 inhibitors in various clinical trials, in several inflammatory diseases like atherosclerosis, multiple sclerosis, rheumatoid arthritis, and systemic lupus erythematosus (SLE).

CONCLUSIONS {#sec1-7}
===========

Diabetic macular edema is a multifactorial process that involves many factors beyond VEGF. Many clinical trials in DME have shown that in spite of repeated anti-VEGF drug injections, more than 50% of the patients with DME still have persistent macular edema (\> 250 microns in thickness) at the end of a one-year study (DRCR Protocol I). The effect of anti-VEGF treatment in DME appears to be less robust compared to its effect in angiogenesis (PDR). It is possible that inflammatory mediators like Ang-2, proteinases, and chemokines may be involved in the pathophysiology of BRB breakdown in diabetic retinopathy. The VEGF inhibition itself may not achieve neutralization of other inflammatory molecules involved in the cascade of the breakdown of BRB. Steroids that target many inflammatory molecules including Ang-2, TNF-α, and chemokines, work very effectively in patients with DME.[@ref93] However, the steroids have side effects like increased intraocular pressure and cataract formation that limit their use in DME. The novel selective inhibitors of the inflammatory cascade, including those for molecules like Ang-2, TNF-α, proteinases, and CCL2 may be useful therapeutic agents in the treatment of DME in the future, either alone or in combination with the currently used anti-VEGF drugs.

**Source of Support:** Nil

**Conflict of Interest:** None declared.
